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In a recent publication, Groberman and Borden (1981) reported on the behavioral responses of two species of scolytid beetles to selected wavelength regions of the spectrum. They concluded that both of the species of scolytid beetles examined, Dendroctonus pseudotsugae and Trypodendron lineaturn, responded to the spectral stimuli in a similar fashion, with sensitivity maxima for both sexes at 420-480 nm and an additional peak at 500-525 nm. The authors state that the behavioral responses from the spectral preference testing correlated well with anecdotal electrophysiological data from these scolytid beetles. Close examination of the methodology and results, however, reveal several misconceptions which make me question the premise that these beetles were using stimulus hue (wavelength) rather than brightness (intensity) to make their discrimination.
Why is it so important to be aware of this brightnesshue problem? The answer is simply that without the control of intensity, i.e., the brightness of the stimulus, the animals may not be using wavelength as a cue for discrimination and hence the experimenter cannot make any conclusions about that species' color vision. Color 'please address reprint requests to the author at the School of Optometry, University of Waterloo, Waterloo, Ont., Canada N2L 3Gl.
vision depends on the possession of at least two differentially (spectral) sensitive classes of receptors. If an animal has only one spectral class of photoreceptors it cannot discriminate between two monochromatic stimuli with equal quantum energy (photons per square centimetre per second) (brightness). This is so because the frequency or wavelength of the quanta only determines the probability that it will be absorbed by the visual pigment. Once the photon has been absorbed by the visual pigment it results in an isomerization of the visual pigment regardless of the wavelength of that photon. In other words, an animal with only a single type of photoreceptor cannot discriminate between photons of different wavelengths but only on the basis of a difference in the relative number of photons absorbed for the two test wavelengths. On the other hand, if an animal has two distinct spectral classes of photoreceptors with separate neural pathways, two equally bright monochromatic stimuli could be discriminated on the basis of hue. That is, each photoreceptor class would contain a visual pigment with a specific wavelength of maximum photon absorption and thus the ratio of excitation of the two receptors could signal for the discrimination of one monochromatic stimulus from another, independent of brightness. Therefore, one should appreciate that the control of brightness is essential for testing discriminability and that the capa-NOTES city of an animal to discriminate wavelengths is in part I related to the number of classes of receptors it possesses.
Although Groberman and Borden (198 1) did attempt to equalize the energy (ergs per square centimetre per second) of two simultaneously presented stimuli they neglected to do this in terms of quantal energy (photons per square centimetre per second). Light energy interacts with matter in the form of photons or quanta. The energy content of a photon is inversely proportional to wavelength. Consequently, if the energy of two spectral stimuli was set constant in terms of irradiance (ergs per square centimetre per second), as in Groberman and Borden's study, the longer wavelength stimulus would provide more photons and thus may appear brighter (Goldsmith 1973) . Under such circumstances the animals could, and probably would, use this difference in numbers of photons to make the discrimination.
Most studies of animal color vision use spectral sensitivity (the reciprocal of the number of photons required to produce a criterion response plotted against wavelength) and (or) visual pigment absorption spectra as the usual correlates of electrophysiological results (Beauchamp and Lovasik 1973; Beauchamp and Rowe 1977; Beauchamp et al. 1979 ). Techniques such as spectral preference and phototaxis have the disadvantage of being confounded by variables other than those which are visual in nature. The experimental stimuli may function as behavioral releasers (Tinbergen 195 1) for goal-oriented behaviors such as predation, predator evasion, courtship behavior, and habitat selection, etc. (Menzel 1979; Northmore and Muntz 1974) . Since these behaviors may involve neural mechanisms other than the visual system, they may not provide an accurate reflection of that species' visual system. Similarly, techniques such as spectral preference and phototaxis cannot exclude the possibility that only one of a number of the color receptors that organism possesses subserves the performance of that behavior (Northmore and Muntz 1974) . A recent study by Himstedt et al. (198 1) suggests that various classes of optic fibers project to more than one area of the brain and that these different brain centers mediate different behaviors.
Even if the stimuli were equalized vis-a-vis quantal energy, perceived brightness differences could still potentially provide the cue for discrimination or preference. Only when brightness differences have been completely eliminated or the experimental design factors out the effect of brightness can one confidently test wavelength as a factor for discrimination or preference (see Northmore et al. 1978) . The first step in this process requires a reliable estimate of spectral sensitivity (log relative quantal sensitivity) either through electrophysiological or behavioral measurements. Figure 1 shows a hypothetical spectral sensitivity curve. Assume, for example, that we test an animal's preference for 530-nm versus 620-nm lights. In order to eliminate brightness as a cue for discrimination and achieve equivalence (or brightness match), we would be required to add Ax log quantal energy to the 530-nm stimulus. Some scientists, however, feel that even this precaution is insufficient since inaccuracies in the estimation of the spectral sensitivity curve prevent a reliable determination of equivalence. In such cases, the quantal energy of each comparison wavelength is randomly varied around the equivalence (Beauchamp and O'Reilly 1980; Powers and Easter 1978) . This fluctuation of stimulus quantal energy of the test wavelengths ensures that the animal is discriminating on the basis of wavelength alone. Also, if the test stimuli are superimposed on a chromatic or spectrally neutral (white) background adapting field it is important to maintain identical conditions during both the spectral sensitivity and discrimination tests.
In conclusion, I believe it is imperative to recognize the potential shortcomings of spectral preference testing and other such innate responses as methods for the examination of animal color vision. The successful implementation of these techniques relies heavily on the elimination of brightness as a discriminatory cue. Perhaps, the determination of spectral sensitivity and subsequent tests of wavelength discrimination would be the more appropriate avenue for examination.
NOTE ADDED IN PROOF: Gerald Jacobs has recently (1981) published an excellent review on animal color vision.
